Abstract: Biomineralization processes are now fully recognized as inspiring systems for the design of new materials. In the case of silica, the formation of diatom shell or sponge spicule has attracted much attention in the last decade since it could provide key information to elaborate new hierarchically structured materials and nanodevices. In these two examples, the mineral phase is thought to be formed by the controlled assembly of nanoparticles generated in vivo from diluted precursor solutions, in the presence of biomolecular templates. The elucidation of biosilicification processes therefore relies on the understanding of biomolecules capacity to form and structure colloidal silica. Two different approaches have been developed. The first one starts with the extraction and identification of biomolecules present in silicifying organisms and then addresses the in vitro specific activity of these molecules towards silicon species. Alternatively, model macromolecules are used to understand the role of functionality and of structure on silica formation. This review aims at providing a critical overview of the most recent advances in these domains. Relevance for both the understanding of biosilicification process and the design of new bio-inspired nanomaterials are also discussed.
INTRODUCTION
The possibility to consider biological processes as sources of inspiration is now well-recognized in a wide range of fields, from architecture to nanoscience. For example, global shape of organisms, animal coat patterns and seashells are becoming more often an inspiration sources for new building designs, art-work or decorated objects, an area known as zoomorphism [1] . Material scientists are also learning from Nature; for example structures found on water lilies, on butterfly wings or marine organism's skeleton could find application to construct water-repellant materials [2] , photonic structures [3] or optical fibers [4] , respectively. Moreover, biomaterials found in nature not only have very interesting properties but are also inspiring in the way they are made.
Unicellular organisms are able to carefully design and control nanostructures that are assembled at a variety of scales, from tenths to several hundred microns [5] . Among these biominerals, a well-known example is the intracellular chains of magnetite Fe 3 O 4 nanocrystals in magnetotactic bacteria [6] . These chains are anchored to the cell cytoplasmic membrane, allowing its passive orientation in the Earth geomagnetic field. Another striking example of natural nanostructure is the silica exoskeletons formed by the unicellular brown algae diatoms [7] . These exoskeletons, named frustules, consist of SiO 2 nanoparticles assembled in a highly organized structure exhibiting porous networks at different scales. It is formed within a few hours, from However, until now, very little is known about the precise mechanisms of frustule formation. In contrast to other biominerals, this is largely attributable to silica itself, both from its chemistry, involving a complex inorganic polymerization process different from precipitation/dissolution reactions of carbonate or phosphate phases, and the limitations in suitable analytical techniques [8] . Thus, rather than studying the whole diatoms cells, a few teams have concentrated their effort on the extraction and identification of biomolecules that are more likely to be involved in the silicification process [9] . Even if very interesting results are being obtained, it may be difficult to draw general conclusions on the structure-properties relationship in such complex systems. Moreover, all biosilicifying organisms do not contain the same active biomolecules. Thus, an alternative approach is to use model molecules, whose properties are already well-known, that may exhibit some structural or functional similarity with extracted systems. This very fruitful strategy has already allowed the identification on biomolecules of key features to induce the formation and the control of morphology of silica precipitates.
Not only the dedicated structure made by diatoms, the frustule, may itself find future applications but also the possibility to control the formation and assembly of silica nanoparticles in biological conditions opens wide opportunities for the design of nano-devices such as membranes, controlled-release systems or bioencapsulation hosts [10, 11] . Additionally, such a process may be adapted to other mineral precursors and extended to the nanostructuration of a large range of metal oxides [12] . This review focus on the main results obtained on both extracted biomolecules and model systems, showing that a first step has now been achieved in the control of colloidal silica formation by biological templates. Some introducing data on biosilicification in diatoms and sponges as well as relevant information on silica chemistry are provided. First applications of this biomimetic approach to (nano)materials design are also presented. Concluding remarks present some of the next challenges in this field and their relevance for nanoscience.
BIOSILICIFICATION

Diatoms
In most diatom species, the frustule consists of two thecae: an epithecae and an hypothecae. In more details the epithecae is formed by the epivalve and several copulae; the hypothecae likewise consists of hypovavle and hypocengulum. The silica-based frustule is surrounded by carbohydrate and proteinaceous materials (for reviews on the organic casing see [13] [14] [15] ). The frustule is thought to consists of silica nanoparticles (50-100 nm) assembled to form a finely dedicated and differentiated network of pores of nano-to micrometer size (Fig. (1) ) [16, 17] .
Progresses in the understanding of biological processes leading to frustule formation have been extensively and regularly reviewed [18] [19] [20] [21] [22] [23] . Thus, only key steps of the biosilicification mechanisms are given hereafter. During cell division, two sibling cells are formed that need a valve to complete their own casing [24] . At this stage, additional silica is needed so that the uptake of silicic acid Si(OH) 4 , the naturally-occurring precursor of silica in aqueous environment, is triggered [25] . It is thought to be transported into the cell via specific trans-membrane proteins named SITs (silicic acid transporters) [26] where it can accumulate at concentrations that may be 1000-fold higher than the environmental amount. However, the mechanism of storage of such high concentration of silicon, that should be readily available for the forthcoming frustule formation, is unknown. Yet, these silicon precursors also have to be transported into a specific vesicle, named silica deposition vesicle (SDV) located at the vicinity of cytoplasmic membrane of each new cells [23] . For the understanding of the biomineralization process it is important to already mention that the SDV is an acidic compartment ( [27] , also see paragraph 6). As silicon is up-taken, the silica network grows and the SDV enlarges. This enlargements as well as observed SDV movements are suggested to be related to the activity of the cell cytoskeleton [28] . These cytoskeleton elements, i.e. microtubules and actin, may also play a role in the control of the overall frustule morphology. Additionally, proteins present in the SDV should contribute to the formation and assembly of silica colloids. Once the two new valves (one for each new cell) are formed, they are secreted, presumably by fusion of the SDV with the cell membrane. Cells separation can then occur.
Sponges
In order to gain general information about biogenic silica formation, it is useful to consider other living organisms sharing diatoms ability to tailor SiO 2 nanostructures. In this context, siliceous spicules synthesized by sponges of the Demospongiae class constitute another example of biologically nanostructured silica [29] . These spicules are rod-like glassy spikes consisting of an axial filament surrounded by several hundred concentric layers of hydrated silica (Fig. (1) ) [30] . At a lower scale, these layers are made of densely-packed silica nanoparticles in the 50-100 nm range [31] .
The biosilicification processes in sponges are still poorly understood. Sponge cells, named sclerocytes, first form the axial organic filament [32] . In a very similar manner to diatoms, a specific SDV is observed that surrounds the filament and that expands as silica is deposited. How environmental silicic acid is taken up, transported to the SDV and condensed still remains unclear. The intra-or extra-cellular nature of the whole process is also uncertain. As far as the control of silica morphology is concerned, the axial filament can hardly template the mineral formation over a few layers so that specific molecules (proteins, polyamines,…) are probably present in the SDV, similarly to diatoms.
CHEMICAL ROUTES TO NANOSTRUCTURED SILICA
From Silicic Acid to Colloidal Silica
What makes diatoms frustule and sponge spicule so extraordinary for a chemist? Apart from the aesthetic of these biogenic constructions, the most striking aspect of biosilicification processes lies in the way living organisms tackle the complexity of silica chemistry. In contrast to other common biominerals (phosphates, carbonates), SiO 2 is not a salt formed via ionic associations but built up via an inorganic polymerization of molecular precursors [33] . Silicic acid Si(OH) 4 only exists in diluted aqueous solutions (< 1 mM) and below pH 9. At higher concentrations, it tends to condense to form a dimeric species following eq (1). Further condensation can occurs, leading to oligomers Si x O y (OH) z of increasing size until nanoparticles of 1-2 nm are formed [33] . At this stage, the reaction conditions (pH, salinity, etc) are determining for the future development of the polycondensation processes. In basic media, some of the Si-OH silanol groups are deprotonated so that the particles bear a significant negative charge. Coulombic repulsive forces hinder particle aggregation. A decondensation/condensation process, known as Ostwald ripening, occurs, leading to the growth of the particles and the formation of a colloidal sol [33] . In acidic conditions, silica surfaces exhibit mainly neutral silanol groups so that aggregation is possible leading to gel formation. The presence of salts or polymers may screen particle surface charge and induce flocculation at different stages of these processes [33] .
As explained before, colloidal silica can be obtained in basic pH conditions. Silica nanoparticles can therefore be obtained by partial neutralization of sodium silicate aqueous solution down to pH 8-9 [33] . Similarly, the well-known, industrially exploited Stöber process relies on silica particle formation from silicon alkoxides Si(OR) 4 where R is an organic group (Me, Et,…) in alcohol/water/ammonia mixtures [34] . The size of the colloids can be precisely tailored by selecting the appropriate ratio of each reagent.
Another possibility is to use reverse micelles as microreactors to confine the growth of silica [35] . In this case, sodium silicates can be condensed in acidic media, and an anionic surfactant is use that binds the Na + ions, thus limiting its flocculating effect [36] .
Structuring Silica
When obtained from soft chemistry routes (i.e. low temperature, solution processes), amorphous silica is obtained, as a gel or a precipitate, formed by the aggregation of particles of various sizes. However, a wide range of organic templating agents can be used to shape SiO 2 from sodium silicate or silicon alkoxides. Fibers, spheres, lamellar structures were obtained at the micron scale [37] . Pore size and organization can also accurately be tailored [38] . Such morphological control relies on the self-assembly properties of templating systems which serve as an active substrate for the condensation of molecular precursors [39] . Nevertheless, to the best of our knowledge, none of these structures are formed from the aggregation of silica nanoparticles in the 50-100 nm range formed in situ, that would mimic frustule or spicule architecture.
As an alternative, it should be possible to use pre-formed silica colloids as precursors for silica formation. As a matter of fact, a two-dimensional arrangement of silica colloids is possible on patterned surfaces [40] [41] [42] . Three-dimensional organizations are also possible by deposition/evaporation processes but they are driven by intrinsic colloidal forces, so that only simple particles packing can be obtained [43] .
EFFECT OF EXTRACTED BIOMOLECULES ON SILICA FORMATION
A straightforward approach to the elucidation of biomineralization processes is the identification of biomolecules, which are involved in the inorganic phase deposition. In the case of silica, this strategy was successfully applied to different living systems, including higher plants, diatoms and sponges (see [9] for a review). A key point in this approach is the extraction procedure. In the case of calcium carbonate or calcium phosphate, the use of EDTA (ethylenediamine tetra-acetate) as a chelating agent allows the chelation of Ca 2+ , leading to the dissolution of the mineral phase and, thus, favoring bio-extracts recovery. In contrast to these mild conditions, silica dissolution requires hydrofluoric acid HF treatments that may also partially hydrolyze the biomolecules, especially cleaving the sugarpeptide bond in glyco-proteins. However, this constraint is not only a drawback since it can be assumed that the harsher the extraction conditions are, the stronger the biomoleculesilica binding is.
Nature and Reactivity of Diatom Extracted Biomolecules
The first extractions using anhydrous HF led to the isolation of three proteins from the diatom Cylindrotheca fusiformis, originally named HEP (HF-extracted proteins) and then pleuralins [44, 45] . They exhibit a proline richstretch followed by several repetition of a PSCD (prolineserine-cystein-aspartic acid)-domain. Immunolocalization experiments indicated that one of these HEP (HEP-200) is located at the epitheca/hypotheca overlap region [44] . Later the same purification procedure by anhydrous HF treatment also allowed the identification of three new polypeptides, named silaffin (for silica affinity)-1A, silaffin-1B and silaffin-2 [46] . Silaffin-1A is, in fact, a mixture of two very similar peptides, silaffin-1A 1 and -1A 2 , that exhibit a high degree of similarity in sequence with silaffin-1B, bearing modified lysine groups, such as ε-N,N-dimethyllysine and ε-N,N,N,trimethyl-δ-hydroxylysine (Table I) [47] . A gene could also be cloned that encoded a polypeptide containing seven repeat units (R1-R7) containing clusters of lysine and arginine groups. It was shown that silaffins-1A 1 , -1A 2 derived from R2-R7 units whereas silaffin-1B originated from R1. Additional long chain polyamines were also isolated from C. fusiformis [48] . As mentioned earlier, the anhydrous HF treatment induces bond cleavage so that the recovered biomolecules may significantly differ from the native species present in the organism. Thus, a milder NH 4 F/HF extraction was performed on C. fusiformis and native silaffins, termed natSil, could be isolated [49] . NatSil-1A 1 revealed to be phosphorylated on all its hydroxylated groups, conferring a zwitterionic character to the protein. NatSil-2 is also phosphorylated but is additionally glycosylated and sulphated [50] . Very recently, a different set of silaffins could be extracted from the diatom Thalassiosira pseudonana [51] . These proteins (tpSil-1H, -1L, -2H, -2L and -3) exhibit no sequence homology with the C. fusiformis set but the amino acid composition and posttranslational modifications (lysine alkylation, phosphorylation,…) are maintained (see Table I ). Polyamines were also recovered, as in many other diatoms. Finally, to be exhaustive, it is worth mentioning that an ubiquitin homologue was also identified associated to the silica frustule of the diatom Navicula pelliculosa [52] .
The reactivity of most of these extracted proteins towards pre-hydrolyzed silicon alkoxides aqueous solutions was studied ( Table II) . The pleuralines were not reported to induce silica formation. In contrast, a bioextract containing a mixture of silaffins from C. fusiformis efficiently activate silica precipitation between pH 5 and 8, leading to the formation of nanoparticles with diameters below 50 nm [46] . Silaffin-1A 1 and Silaffin-1A 2 also precipitate colloidal silica but larger particles (500-700 nm) are then obtained [53] . Silaffins mixture extracted from the diatom Nitzschia angularis gave similar results at pH 5 [48] . When polyamines extracted from the latest specie were used, nanoparticles were also observed but their size depends on both the polymer chain length and the reaction pH. Aggregates of silica colloids between 100 nm to 1 µm could thus be precipitated. Mixtures of silaffins and polyamines at pH 5 led to hybrid deposits where small protein-induced nanoparticles are associated to large amine-induced colloids. NatSil-1A from C. fusiformis also forms nanospheres in the 400-700 nm size range at pH 5 [49] . In order to study the possible contribution of the native peptide phosphorylation, precipitation experiments in the presence of silaffin-1A were performed with and without addition of phosphate ions. Only the former conditions led to colloidal silica formation. This key role of phosphate groups was also demonstrated when the effect of polyamines extracted from the diatom Stephanopyxis turris was studied [54] . Not only these inorganic species are necessary to observe silica precipitation at pH 5.5 but the size of formed nanoparticles increases from 50 nm to 700 nm with increasing phosphate concentrations. However, in all these cases, no specific structuration of the particle network is observed. As a matter of fact, significant control of silica morphology was only reported when natSil-1/natSil-2 or polyamine/natSil-2 mixtures at specific ratios were studied [50] . Silica blocks with partially organized pores in the 100-1000 nm diameter range were obtained. 
Nature and Reactivity of Spicule Extracted Biomolecules
Although the proteinaceous nature of the axial filament was proposed more than 30 years ago [55] , only recently was its composition reported. HF extraction from the sponge Tethya aurantia led to the identification of three proteins, named silicatein α, β and γ [56] . Determination of amino acid sequence of silicatein α and its similarity to the cathepsin L proteolytic enzyme allowed the modeling of its three-dimensional structure. Among the three amino acids which compose the cathepsin L catalytic site (cysteine, histidine and asparagine), the cysteine is substituted by a serine for the sponge α protein ( Table I) . Silicatein α was found to catalyze the hydrolysis of silicon alkoxides, favoring the rapid deposition of a silica layer on the axial filament surface [57] . This layer consists of silica nanoparticles forming dendritic aggregates. The enzymatic activity was suppressed when serine or histidine groups of the active site were replaced by alanine via site-directed mutagenesis. The cDNA as well as the gene encoding silicatein was also cloned from the sponge Suberites domuncula and the corresponding recombinant protein exhibited similar catalytic properties [58, 59] . Because it is difficult to imagine that the axial filament alone is able to control silica deposition over the whole spicule thickness, other active peptides, polyamines or organic materials might be present but they have not yet been identified.
MODEL SYSTEMS OF BIOSILICIFICATION
It should be clear from the data presented in the previous section that the actual sets of proteins extracted from diatoms and sponges do not allow to reproduce the complex nanostructures formed by these organisms. Nevertheless, these results provide a useful guide to synthesize or to select commercially-available model molecules that may activate silica formation. In return, because these molecules can be obtained in large amounts and suitably modified, this "bottom up" approach may be proficient to understand biosilicification processes.
Poly-Amines
Several groups have studied the effect of aminecontaining compounds on silica precursor solutions. Mizutani et al. experiments can be considered as pioneer in this field [60, 61] . They studied the influence of amine oligomers (from one to five amine units) and polyamines (poly-allylamine hydrochloride (PAH), poly-lysine (p-Lys) and poly-arginine (p-Arg)) on diluted sodium silicate aqueous solutions at pH 8.5. It shows a significant activation of silica formation when only three amine groups are present and instant gelation with polymers. Unfortunately, no structural data were available concerning the silica morphology. Inspired by the composition of diatoms bioextracts, some of us have extended this approach to different pH and non-aminated amino acids and poly-amino acids [62] . The ability of p-Lys to precipitate silica was confirmed at pH 9.2 and 7.2 where the corresponding dry solids consist of agglomerated nanoparticles in the 50-100 nm size range, but not precipitation was obtained at pH 4.9. The influence of the chain length of poly-Lys and poly-Arg was subsequently studied at pH 7.2 [63] . It was shown that the rates of silica formation from sodium silicate solution increases with the chain length until a threshold value is reached. This behavior was attributed to the possible adsorption of negatively charged oligomeric silicates via electrostatic interactions with the positively charged ammonium groups of the polymer. This adsorption brings silicates closer from one to another, favoring the condensation. A comparison between p-Lys and p-Arg indicates that the latter is more efficient at activating silica formation, although it bears the same charge than the former.
This suggests either hydrogen bond formation or nucleophilic activity of the three amines of guanidinium group of arginine.
The effect of polyamines on other silica precursors was also investigated. P-Lys was shown to promote tetramethoxysilane (TMOS) Si(OCH 3 ) 4 condensation at near neutral pH. Different particle size and silica morphology could be achieved by varying p-Lys chain length, reaction pH and ionic strength, adding organic solvents and applying external forces such as electrostatic field or shear stress (Table III) [64, 65] . Thus fused nanoparticles, fibers, platelets and dendritic silica structures could be obtained [66] . PAH was also efficient, though less than p-Lys, to precipitate silica [67] . The activity of p-Lys and PAH towards another alkoxide, tetraethoxysilane (TEOS) Si(OC 2 H 5 ) 4 was also studied. The first reports performed near neutral pH with p-Lys indicated silica formation activation but the obtained solids were featureless [68, 69] . More recently, similar experiments were conducted in alkaline media (pH 9-11), where the polymer is neutral, and in conditions where silica formation occurs spontaneously [70] . Depending on the p-Lys starting conformation (α-helix or β-sheet), silica networks with various pore sizes were obtained and were composed of aggregation of 200 nm spherical particles. PAH/phosphate systems were also shown to direct silica formation from pre-hydrolyzed TMOS, as a result of the polymer phase separation in aqueous solutions [71] . Similarly to the behavior of diatom-extracted polyamines, the diameter of precipitated silica nanoparticles increases with phosphate ions concentration. Other precursors such as silicon cathecolate complexes [72] and pre-formed silica nanoparticles [63] have been studied in the presence of lysine and p-Lys, again demonstrating the strong influence of these molecules on silica formation. Overall, these studies show that polyamines are able to induce silica nanoparticles formation but, due to the limited self-assembly properties of these molecules, the possibility to achieve nanostructures that resemble diatoms frustule is still out of reach.
Synthetic Templates
In order to investigate the role of amine-containing molecules on silica formation, an interesting alternative is to synthesize specifically designed compounds to test their silica formation activity. Block copolypeptides of general formula poly(amino acid n -lysine m ) were synthesized and tested over pre-hydrolyzed TEOS aqueous solutions [68] . Depending on n, m and the nature of the amino acid, silica spheres, globules and column could be precipitated. Linear and branched polyethylene imine (PEI) and polypropylene imine (PPI) derivatives were also elaborated and their effect on TMOS pre-hydrolyzed solutions studied [73] . Of particular interest of this approach is that commerciallyavailable PEI exhibits a high molecular mass and a branched architecture whereas bio-extracted polyamines are shortchain, linear polymers. Moreover, these synthetic molecules can be easily methylated, thus allowing to reproduce even more closely the natural polyamines. Very recently, amineterminated dendrimers of different generations and functionalities were also synthesized [74] . This is an elegant way to introduce some structuring properties in polyaminebased templating systems.
Such a possibility to use synthetic biomimetic templates is not limited to polyamines and can be extended to other bioextracts. The pR5 peptide, reproducing the amino acid sequence of the R5 repeat unit of the silaffin-1 gene-encoded polypeptide was synthesized [46] , but because the alkylation of lysine groups in silaffins is a posttranslational process, the R5 fragment and therefore the pR5 peptide, bears unmodified amine groups. These experiments revealed that lysine modification was not necessary to induce silica formation below pH 7 from pre-hydrolyzed TMOS but had a strong influence on precipitate morphology. When external forces were applied, the pR5 peptide induces silica formation as fused nanoparticles, arch-like aggregates or fibers (Table  III) [75] . Further investigations, via site-directed mutagenesis, were devoted to dissect the role of specific amino acids in pR5 [76] . These studies revealed that the presence of the pR5 C-terminus arginine-arginine-isoleucineleucine (RRIL) motif was necessary to maintain a significant silica formation activity.
Phage display libraries provide another very fruitful way to select biomimetic peptides of interest. In this case, the peptide library was tested against silica particles, allowing to identify only those molecules that have significant binding activity to the mineral surface [77] . These peptides were then used for silica precipitation experiments. The most effective peptides are characterized by a large number of histidine residues (5 over 12 amino acids) and of hydroxyl-containing groups. The fact that these peptides significantly differ from silaffins can be attributed to the fact that their selection was mainly based on their silica binding activity, which may differ significantly from their silica precipitation ability.
Model Biomolecules
The use of synthetic molecules has already shown to be very successful. However, it is not possible, at this time, to reproduce the overall complexity of extracted proteins. As an example, only the pR5 peptide was successfully synthesized, which lacks the posttranslational modifications of silaffins.
We have therefore recently proposed another approach relying on the use of well-known biomolecules that share some common properties with extracted biosilicifying proteins. How different these model systems can be from the isolated ones is a matter of debate that will be discussed in the next section. Let us illustrate our most recent achievements in this field. On the basis of the observation that lysine and arginine seem to play a key role in silica activation, databases were screened to identify simple, common proteins exhibiting high contents of these two amino acids. Two well-known candidates, lysozyme and bovine serum albumin (BSA), were found, with respectively 12% and 14 % basic groups. Lysozyme is a small protein (MW= 16 kDa, 147 amino acids) with an isolelectric point (pI) close to 11. BSA is a large protein (MW = 69 kDa, 607 amino acids) with a pI=4.8. Interestingly, in diluted sodium silicate solutions at near neutral pH the negatively charged BSA protein does not induce silica precipitation whereas the positively charged lysozyme does [78] . For the latter, the precipitation is slower than with p-Lys, in agreement with the lower amount of amino groups distributed over the protein backbone. The corresponding solid consists of aggregated nanoparticles with high size polydispersity. When conducted at pH 4.7, these experiments showed no effect of lysozyme. This later result is consistent with other studies showing that polyamines do not activate silica formation in acidic media, unless alkylated and/or in the presence of phosphates. In contrast, at the same pH, BSA addition leads to the formation of a gel, consisting of a protein network incorporating silica nanoparticles of wellcontrolled diameters around 100 nm (Fig. (2) ). It therefore seems that the self-association of BSA chains within a gel network allows to control the silica particle growth process.
We have later turned our attention to other gelling systems. Type-A gelatine was selected because it exhibits pI > 7, implying a positive charge of the molecule at neutral pH and below. At pH 5, silica nanoparticles could be obtained and tailored between 50 nm and 300 nm according to the initial silicate concentrations (Fig. (2) ) [79] . Additionally, these nanoparticles can aggregate as fibers or platelets as a function of gelatine content. Interestingly, gelatine is also able to activate silica formation at pH 7 but with no morphological control of the deposited mineral phase.
RELEVANCE OF BIOMIMETIC STUDIES FOR BIOSILICIFICATION PROCESSES
Let's first summarize the main achievements of these biomimetic approaches. A number of extracted, synthesized or natural molecules have been tested for their ability to activate and control the growth of silica. Key features of these systems include the presence of amine groups, the sensitivity of their activity to pH, phosphate ions and amine modifications as well as their structure-directing properties, resulting either from intrinsic self-assembly properties or through the application of external forces. Many different systems are able to induce the formation of silica nanoparticles of various sizes and to achieve threedimensional networks. Yet, the controlled assembly of these particles in architectures that would resemble diatom frustules or sponge spicules is far from being achieved.
These data are nevertheless extremely fruitful to elucidate some aspects of the biosilicification processes. As an example, it has been shown that the pH within the diatom SDV was slightly acidic [27] . In parallel, silaffin-1 studies indicate that these proteins only efficiently activate silica at pH 5 when lysine modifications as well as phosphate groups are present. Additionally, BSA and gelatine studies show that silica particle growth control is only achieved at this pH, probably because the silica condensation kinetics is slow enough to allow its monitoring by proteins. Another contribution of these studies lies in the observation that mixtures of biomolecules (polyamines/silaffins, p-Lys/PAH) are far more capable of inducing silica nanostructure formation than single component systems. This indicates that numerous biomolecules with specific activities are involved in the biosilicification process that may or may not interact simultaneously with silica precursors. Moreover the localization, both spatial and temporal, of biosilicifying molecules within the cells has to be precisely regulated. Such complex systems might be more easily studied in living systems rather than in complexes multi-component chemical experiments. The importance of the biochemical reactions dynamics is, in fact, not limited to biomolecule production and diffusion but also involve possible SDV movements as mentioned earlier. Noteworthy the application of shear stress on model systems properties (p-lys, pR5) appears very promising to obtain complex silica nanostructures.
The nature of silica precursors used by diatoms and sponges is another crucial aspect of biosilicification. Sodium silicates, silicon alkoxides (TMOS and TEOS), silicon catecholate complexes and colloidal silica have been used as silicon sources for in vitro silica precipitation assays. Although direct comparison of the different results for a single biomolecule is made difficult by variations in concentration and/or pH value, several trends can be identified. In the case of p-Lysine, silica formation is observed near neutral pH for sodium silicate solutions, TEOS and pre-hydrolyzed TEOS, pre-hydrolyzed TMOS and silicon catecholate. Examination of these different data suggests that the polymer is able to activate the condensation of oligomeric silicates and does influence neither the silicon alkoxides/complex hydrolysis nor the condensation of monomeric silicic acid. If this suggestion is correct, it implies that polyamines would induce silica formation only of pre-condensed silicates (remember that the known source of silicon species taken up by diatom in their environment is monosilicic acid [25] ). In contrast, sponge silicatein α does activate alkoxide hydrolysis but has no effect on silicate condensation.
One of the most puzzling aspects of diatoms biosilicification process is that these organisms are able to accumulate intracellular amounts of silicon species far above the silica solubility limit. Thus, silica precursors should be stocked in such a way that their condensation is hindered until they are used for frustule formation. A parallel can tentatively be drawn with the supposed mechanisms of silicification in some higher plants [80] . In these systems, it was suggested that silicic acid is taken up through plant roots and transported as a silicon complex through the xylem. When this complex reaches the stems or leaves where mineral deposition should occur, its breakdown is triggered by a change in pH, inducing the release of silicic acid that will further condense to form silica [80] . Coming back to diatoms, the existence of similar complexes may be hypothesized. Therefore, when silica formation is needed, complexes could be transported to the SDV within specialized vesicles. The existence of vesicles that could transport silica or silica precursors, named Silica Transport Vesicles (STVs), has been presented (see [13] ), and later abandoned [18] . However, even if the demonstration of the absence of silicon in intracellular vesicles is rather difficult, their might exist vesicular trafficking (i.e., vesicles originated from the Golgi, from the Endoplamic Reticulum (ER) or endosome) associated with the formation and further extension of the SDV. For example, the silaffins (and likely some still uncharacterized other proteins) have a signal peptide for co-translational import into the endoplamic reticulum [51] , suggesting that the posttranslational modifications of the sillaffins could occur within this compartment. It can therefore be proposed that modified Fig. (2) . Silica particles formed from sodium silicate solutions in the presence of bovine serum albumin (left) and gelatine (right).
silaffins (phosphorylation, addition of polyamines, etc) could transit from the ER to the SDV via vesicular trafficking and sorting. Targeting of vesicles also seems a reasonable hypothesis in the case of lipids required for the SDV enlargement. More cellular biology experiments are required to demonstrate the presence and to better define the roles of vesicles in the SDV formation. Inside the SDV, oligomeric silicates (released form vesicles or neo-synthesized inside this compartment) have to be put in contact with silaffins and polyamines, allowing the nanostructuration process to start. Other models for frustule formation have been proposed [81] [82] [83] [84] .
BIO-INSPIRED SILICA-BASED (NANO)-MATERIALS
The fact that most biosilicification mimicking studies involving model synthetic or natural molecules have been performed by material scientists is not fortuitous. Living organisms can form highly structured silica networks from cheap sources, in biocompatible conditions and in impressively short reaction times.
The possibility to use biomimetic systems for silica nanostructure formation has already been widely explored. Amine-containing organogelators were used as templates for the formation of chiral helical silica nanotubes [85] . Silica nanostructured thin films could be prepared using a tertiary amine-containing polymer [86] . P-Lys aggregates allowed the formation of micron-size silica hollow spheres [87] . Some of us have also reported the possibility to form mesoporous silica network using arginine-based surfactant [88] . The silica-precipitation activity of the pR5 peptide was also nicely involved to produce nanopatterning of silica spheres [89, 90] . In all these cases, the interactions between the templating agent and the silica precursors (TEOS, TMOS or sodium silicate) were shown to be responsible for the structuration of the mineral phase [91] . Bio-extracted or synthetic biosilicifying molecules can be used in association with other elements. Poly-(cysteine n -lysine m ) block copolypeptides allowed the cooperative assembly of silicagold nanoparticles [92] . Even more interestingly, silicatein revealed to be able to activate the hydrolysis of metal alkoxides different from silicon ones, allowing the formation of nanostructured titanium oxide phases [93] .
The other strong interest of biosilicifying molecules is that they induce silica formation in conditions which are compatible with biology. For example, silica matrices obtained by precipitation of pre-hydrolyzed TMOS in the presence of pR5 was recently shown to be a suitable host for enzyme immobilization [94] . Some of us have shown that the ability of p-Lys to activate silica formation could be used to deposit a mineral coating on alginate microcapsules [95] . This polymer is a natural poly-saccharide widely used in bioencapsulation, especially for the design of artificial organs. In order to enhance the mechanical properties of these microcapsules, we have proposed to deposit a silica layer on their surface. However, because alginate is negatively charged at neutral pH, a p-lys coating was first undertaken, allowing further deposition of silica. More recently, we have extended this approach to gelatine microcapsules [96] . In this case, however, the biopolymer alone is able to activate silica formation so that direct coating from sodium silicate solutions was possible. Interestingly, the morphology of the mineral layer obtained for these two systems nicely reflect the data obtained from solution studies (Fig. (3) ).
Recent examples show that biogenic silica structures themselves may also find applications in nanotechnology. The possibility to use frustule as photonic crystals was recently studied [97] . Diatom shells were also used as a substrate for the deposition of a zeolite layer by a vaporphase transport method [98] . This approach allowed the design of new materials associating micro-(from zeolite), meso-and macroporosity (from the frustule). The next example is even more fascinating: diatom shells were treated with magnesium vapors at high temperature, leading to mixed Mg-Si oxides replica of the frustule [99] . This process was suggested to be compatible with other metals, thus representing a significant step towards direct application of diatoms in nanotechnology. Recent experiments also indicate that sponge spicules exhibit optical fiber-like light transport properties [4, 100] . This has potential implication in technological devices.
FUTURE OUTLOOK AND CONCLUSION
At this time, it can be considered that a first step has been successfully achieved in the elucidation of biogenic silica nanostructuration mechanisms. Biomimetic approaches has led to the identification of several natural or synthetic molecules that are able to activate silica formation in conditions that closely resemble those found in the living organisms intracellular compartments. Additionally, several of these systems are able to form silica nanoparticles whose size range and limited poly-dispersity reproduce colloidal biosilica.
The next challenge lies in the possibility to assemble these nanoparticles in three-dimensional networks in a highly controlled manner. Preliminary results suggest that this can be achieved only if the complexity of the biomimetic systems is increased. As mentioned earlier, this includes multi-component mixtures, diffusion-controlled reactions as well as application of external forces. Alternatively, synthetic molecules should be designed that can associate silica formation activation and intrinsic self-assembly properties. Similarly to gelatine, there might also exist some yet unidentified natural model molecules that are capable of structuring silica. In a more biological approach, extraction and characterization of biosilicifying molecules from living organisms have still a long way to go. Of particular importance would be the possibility to identify both general trends (such as the widespread occurrence of aminecontaining polymers) and some more species-specific variations in the hope of establishing some structureproperties relationship. An important challenge is to find reproducible and simple way of extracting these bioactive molecules with a "minimum" of damage to maintain their numerous post-translational modifications (for one such procedure see [51] ), and to further develop suitable biochemical characterization techniques. Forthcoming genomic approaches are also bringing powerful tools for rapid progress. Knowledge on genomic information has already been used to identify silaffins genes in Thalassiosira pseudonana [51] . By the end of this year, the genomes of two different diatoms should be completely sequenced (see [101, 102] ). This should allow to perform comparative genomic approaches to identify proteins with similarity with known "bioactive" molecules, to find specific signal for targeting or for posttranslational modifications and/or to discover proteins that share specific features (acidic pI, enriched in basic amino acids, etc). A limitation toward these comparative genomic approaches is that proteins that have functional homology do not always have sequence homology, see the differences in sequences among the identified silaffins. Another challenge will be the development of more functional genomics to check for the consequences of gene deregulation on pattern formation, i.e. over-expression of silaffins identified from one diatom in another diatom.
Finally, it should be made clear that possible applications of these biomimetic approaches for the design of useful devices are still limited. Interestingly, some results presented above suggest that the future may not only lie in silica-based materials but also in the adaptation of biosilicification processes to other mineral phases.
